ABSTRACT: Data from tracer experiments were compiled and analysed in order to explore the role of geomorphological, hydrological and sedimentological constraints on fluvial gravel transport in gravel-bed rivers. A large data set from 217 transport episodes of tagged stones were compiled from 33 scientific papers. Our analyses showed that while magnitude of peak discharge is a major control on gravel transport and mobility, tracer travel distances show some scale dependence on the morphological configuration of the channel. Our results also highlight differences in the way tracers are displaced between step-pool and riffle and pool channels. The riffle-pool sequence seems to be a more efficient trap for travelling gravels than the step-pool pair. In addition, in step-pool channels there are clear differences in tracer transport between observations of first displacements after tracer seeding (unconstrained-stone conditions), and second and subsequent observations of tracer displacements (constrained-stone conditions). The comparison between tracer experiments under constrained conditions and those under unconstrained conditions also highlights the importance of bed state and structures in gravel mobility. The results of this study confirm that sediment transport in gravelbed rivers is a complex process, whereby sedimentological and geomorphological controls are superimposed on the hydraulic forcing.
Introduction
Sediment tracking using tagged stones placed in the streambed represents an interesting and relatively inexpensive source of information on sediment transport and dispersion in gravelbed rivers. In this regard, tagged stones have been used to study flow competence and grain position relative to meso-and micro-bedforms (Laronne and Carson, 1976) , particle entrainment , constraints on sediment dispersion , virtual rates of sediment movement (Hassan et al., 1991) , the distribution of periods of rest and movement during transport episodes (McNamara and Borden, 2004) , the relationship between gravel dispersion and channel morphology (Milan et al., 2002; Milan, 2013b; Papangelakis and Hassan, 2016) , sediment volumes carried during floods (Liébault and Laronne, 2008; Vázquez-Tarrío and Menéndez-Duarte, 2014, 2015) , bed material/bedload exchanges (Hassan and Church, 1994) , and scour and fill depths (Haschenburger, 1999) . According to Haschenburger (2013) , similar observations cannot be collected using only laboratory flumes. Earlier tags consisted of painted stones (Laronne and Carson, 1976) , inserted magnets (Hassan et al., 1984) or magnetically enhanced gravels (Sear, 1996) . The recently developed method of inserting passive integrated transponders (PIT tags) into clasts and tracking them with a radio antenna (Nichols, 2004; Lamarre et al., 2005; Lamarre and Roy, 2008b; Schneider et al., 2010; Bradley and Tucker, 2012; Liébault et al., 2012; Olinde and Johnson, 2013; Phillips et al., 2013) , has reduced some of the problems associated with previous passive tracer techniques, including low recovery rates and the problem of buried tracers and decaying labels (Hassan and Bradley, 2017) . More recently, active tracking methods have been shown to be very promising in terms of expanding the tracer method to larger river systems than those typically studied with passive tracers (Cassel et al., 2017) . Owing to these advances, sediment tagging has become a common technique in geomorphological studies.
The particle tracing method enables tracking the movement of individual stones on the streambed. Indeed, it is the only suitable field method providing information about particle paths and patterns of bedload dispersion in natural streams. One of the most widely explored issues using tracers has been the downstream displacement of fluvial gravels Haschenburger, 2011) . Several studies have used tracer data in order to establish functional relationships between tracer travel distances and flow magnitude (Hassan et al., 1991; Schneider et al., 2014; Houbrechts et al., 2015) . Other studies (Milan et al., 2002; Pyrce and Ashmore, 2003a , 2003b Liébault et al., 2012; Milan, 2013b) have examined the control exerted by macroforms and channel morphology on tracer dispersion in bar-pool channels. In the same vein, a recent study by Papangelakis and Hassan (2016) analysed the role played by different channel morphologies in tracer displacement in the gravel-bed East Creek (Canada) using a 10-year tracer data set. In addition, re-examination of compiled tracing data highlighted relationships between tracer travel distance and grain size, duration of competent flow and tracer dispersion, dispersal velocity and excess stream power, mean travel distances and flow magnitude, and the distributions of travel distances and burial depths (Hassan et al., 1991; Church and Hassan, 1992; Haschenburger, 2013; Milan, 2013a) . Hassan and Bradley (2017) also stated the constraining effect played by bed texture and particle arrangements on particle displacement.
These previous studies helped establish hydraulics as a major forcing on fluvial gravel transport. However, an important amount of variance in available tracer data remains unexplained (Hassan and Bradley, 2017) , suggesting the influence of controls other than flow magnitude on tracer displacement, for example bed state or channel morphology (Papangelakis and Hassan, 2016; Hassan and Bradley, 2017) . However, the function played by sediment texture and channel morphology on bed sediment transport is difficult to quantify using only the results from a single tracer experiment due to the complex interactions between bed morphology, surface sediment and flow (Hassan and Bradley, 2017) . The goal of this study was to investigate hydraulic, textural, and geomorphological constraints on downstream transport of fluvial gravels using a sufficiently large data set that would permit us to discuss and compare data from a wide diversity of mountain rivers. In order to do this, we compiled and analysed a large data set based on 217 passive tracer experiments reported in 33 previously published studies.
In-depth reviews of the gravel tagging have been published by Sear et al. (2000) , Hassan and Ergenzinger (2003) , Hassan and Roy (2015) and Hassan and Bradley (2017) . The present study presents novel analyses of data not considered in the previous studies. First, in order to improve our understanding of links between channel style and sediment transport in gravelbed streams, we relate tracer travel distances to average spacing between morphological units (e.g. step-pool, bar-bar, pool-pool spacing in each case). In this sense, Beechie (2001) already observed an association between travel distance and channel width in tracer studies, suggesting that channel width appears to drive tracer transport as far as it also controls bar spacing. Later, Pyrce and Ashmore (2003a , 2003b showed how during channel-forming flows in gravel-bed rivers, the path length of transported particles must be equal to the morphological length scale of the channel. Milan et al. (2002) and Milan (2013b) reported that channel morphology in pool-riffle channels influenced travel paths of tagged stones while Gintz et al. (1996) and Lamarre and Roy (2008b) investigated the role of step-pool morphology in gravel transport. Other works also showed how mean distance of travel of tracer stones is controlled by the average spacing of macroforms (Hassan et al., 1991; Liébault et al., 2012) . Recently, Recking et al. (2016) also identified differences between bedload transport in different channel settings and suggested a 'morphological imprint' of bedload processes and thus an interest in studying the links between channel morphology and particle pathways in mountain rivers. In this present study, we explore the relationship between channel style and sediment displacement in detail, with a particular focus on differences between riffle and pool and step-pool channels. We also consider separately data of tracer displacements immediately after tracer seeding, referred to as 'unconstrained-stone' experiments, and data from second and subsequent tracer displacements, wherein tagged stones are considered to be 'constrained' by bed structures (herein referred to as 'constrained-stone' experiments). Brayshaw et al. (1983) , Reid et al. (1992) , Powell and Ashworth (1995) and Church et al. (1998) pointed to the control of particle arrangements and clusters on entrainment of individual tracer particles. In addition, Church and Hassan (1992) and highlighted the difficulty of isolating the size-distance problem from particle entrainment in tracer experiments where tagged stones are constrained in the bed. However, to our knowledge, no explicit comparison between these two different experimental conditions has been made in preceding assessments of tracer data. Finally, we analysed the fraction of mobile tracers and how it evolved with flow magnitude and duration. By considering the fraction of mobile tracers together with the analysis of tracer travel distances, we sought to maximize the information that could be obtained from available tracer data with respect to two of the main controls on bedload transport: surface bed mobility and downstream transport of river bed gravels.
This study builds on our understanding of the geomorphologic and hydrological controls on sediment transport and contributes in two important ways to the previous reviews of tracer studies cited earlier. One is the explicit comparison between 'constrained-' and 'unconstrained-' stone experiment conditions, which provides interesting insights into the influence of different channel morphologies on the way tracer stones are conveyed downstream in steep, mountain channels. The other concerns the analysis of the influence of antecedent, sub-threshold flow on tracer dispersion.
Materials and Methods

Data set compilation
The data set used in this paper is comprised of results from 217 passive tracer experiments carried out in 30 gravel-bed rivers in various locations and published in 33 scientific papers between 1970 and 2016 (Table I) . Data are derived from field experiments using painted, magnetically and PIT tagged stones. They cover a wide range of channel styles, morphologies and bed textures. The data come from studies spanning a wide range of hydrological regimes, from ephemeral streams in arid regions to perennial streams with gradually varied glacio-nival hydrological regimes.
We compiled the following information for each of the data sets: (a) general information describing the study reaches (channel width, channel slope, channel morphology, grain size of surface sediment, hydrological regime); (b) information about the tracer experiments (tracing method, peak discharge of the studied transport episodes, recovery ratios, percentage of mobilized particles, mean and maximum travel distances); (c) information on flow duration of the transport episodes (including number of peaks of flow) and the number of antecedent days, where available; and (d) whether the data was from first (unconstrained) displacements or second or later (constrained) displacements after tracer seeding. For the unconstrained data, special care was taken to only consider the actual data from first displacements after tracer seeding. Some studies did not report these first tracer movements in order to allow particles to become incorporated into the bed structure. In such cases, the first reported movements were obviously classed as constrained data.
Some of the above information was explicitly mentioned in the papers; and some could be inferred from graphs and figures (Table I ). The compiled data was grouped by channel style: riffle and pool (RP), step-pool (SP), plane-bed (PB) and multithread (MT) channels (Montgomery and Buffington, 1997) . 
PARTICLE TRANSPORT IN GRAVEL-BED RIVERS
Overview of compiled data
In terms of tracer type, the compiled data consists of 51% of points from experiments using PIT tags, and 13% and 36%, respectively, from experiments using painted stones and clasts with inserted magnets. Time trends in the utilized technique show a progressive shift from painted clasts toward magnets and PIT tags: earlier experiments (1960s-1980s) used only painted stones; magnetically tagged stones were introduced in the 1990s. PIT tags became the predominant method in the past decade. Average tracer recoveries are 81% and 71%, respectively, for PIT tags and magnets. They are considerably lower for painted stones, 58%, highlighting the poorer performance of this method compared with magnets and PIT tags which allow the retrieval of buried tracers. Tracer recoveries are comparable for inserted magnets and PIT-tags, suggesting that both strategies provide similar results. However, magnets have two disadvantages when compared with PIT tags: (i) magnetically tagged clasts need to be dug out (i.e. physically recovered) in order to be identified, and this may disturb bed structure (Hassan et al., 1984) ; and (ii) they have a problem of decaying labels (Vázquez-Tarrío, 2013; Hassan and Bradley, 2017) . With regard to channel morphology, the data correspond with 58% RP channels, 31% SP channels, 9% PB channels and 2% multithread (MT) channels. Average tracer recoveries are similar for RP (68%) and SP systems (73%). The slightly larger average recovery ratio for the SP group of data is probably explained by a larger percentage of experiments using PITtags in SP (53%) than in RP data sets (47%). In order to avoid methodological biases in our analyses linked to differences in performance based on tracer type, we decided to focus only on those experiments for which tracer recoveries exceeded 75%. In addition, we excluded a few study cases in which the maximum distance of travel was not adequately surveyed.
Exploratory analysis of compiled data set
The first part of the data analysis was aimed at determining how much of the variance in data on tracer mobility and displacement could be explained by hydraulic forcing. The magnitude of tracer transport was determined from the mean travel distances of each tracer population. The degree of tracer mobility was computed using the fraction of mobile tracers: the ratio between the number of tracers that moved and the total number of tracers recovered. We chose to use specific stream power to characterize the flow magnitude of each transport episode. Stream power has traditionally been used in tracer studies (for example, Lamarre and Roy, 2008b; Schneider et al., 2014; Papangelakis and Hassan, 2016) probably because estimating reach-averaged flow depth is difficult in steep mountain streams owing to the strong influence of local roughness elements on the water surface (Eaton and Church, 2011; Schneider et al., 2014) , and the fact that discharge is more readily available (Rickenmann and Recking, 2011) . It also avoids the need to compute flow resistance. Eaton and Church (2011) and Diplas et al. (2016) proposed a dimensionless version of unit stream power, obtaining stronger scaling relationships between bedload and flow magnitude than those obtained using the dimensional form. We decided to use the non-dimensional version of stream power defined by Eaton and Church (2011) in order to avoid scale differences between the different study cases:
where ω* is the dimensionless stream power, ω is peak unit stream power (Bagnold, 1966 (Bagnold, , 1980 computed based on reported peak discharge data, R the submerged specific weight of sediment and D a representative grain size for the bed surface for which we used the median bed surface size (D 50 ).
To account for a likely dependence of tracer transport on channel morphology, we normalized tracer travel distance by what we called the 'morphological length scale' of the channel, i.e. an approximate measure of the spacing between macroforms. In RP channels, pool-pool or riffle-riffle spacing is typically 5 to 7 times, and on average 5.7 times the channel width (Montgomery and Buffington, 1997) . As such, we normalized tracer travel distances by 5.7 times the channel width for RP derived data. In SP channels, spacing between two step-pool units depends on several variables including slope (Church and Zimmermann, 2007) and is therefore only partially scaled with channel width. We used the formula presented by Abrahams et al. (1995) (Equation (2)). Recking et al. (2012) found output from this formula to be in good agreement with measured step-pool dimensions of 42 studied reaches in the French Alps and Vosges Mountains. It links step-pool spacing to step-heights and channel slope:
where L is step-pool spacing, H the step-height and S channel slope. We approached step-height through the D 84 of bed surface sediment. In multithread channels the definition of a morphological length scale is not as straightforward as in singlethread systems. In these settings, particle travel distances may scale with average bar spacing (Hundey and Ashmore, 2009 ). Hundey and Ashmore (2009) and Kasprak et al. (2015) observed that a confluence or diffluence occurs approximately once every 5.2 channel widths in braided rivers, consistent with the average pool spacing (5-7 channel widths) in many single-thread RP channels. We therefore used this value of 5.2 times the channel width for the MT data. Finally, in plane-bed (PB) channels, tracer travel distances were normalized directly by channel width. This normalization of tracer transport distances by morphological length scale was aimed at determining whether dispersed tracers travel further than one morphological channel-unit. It also serves as a basis for exploring how morphological units control the transport of gravels and the potential differences in downstream particle transport between different channel styles. After considering the impact of flow magnitude on tracer transport/mobility, we proceeded to analyse the influence of hydrological controls, mainly the time duration of competent flow and the amount of time passing between tracer seeding and tracer dispersion. For some of the compiled tracer experiments (34 of 78 selected data points), the original study provided information about the flow duration above the critical threshold of sediment motion, allowing us to assess whether flow duration was correlated with the percentage of mobile tracers. In some cases, information was also available about the time that elapsed between tracer seeding and the subsequent competent flow, or between two successive transport episodes (27 of the 78 selected points). We used this information to explore whether antecedent, sub-threshold flows had an influence on tracer travel distances and the percentages of moving tracers.
In all the analyses, we considered separately unconstrainedand constrained-stone conditions. In the first kind of data, tracer stones are free compared with constrained conditions where they are arranged on the bed. Downstream tracer displacement was thus only dependent on absolute size effects 115 PARTICLE TRANSPORT IN GRAVEL-BED RIVERS in the former, whereas in the latter downstream tracer travel depends on both size as well the ability of the flow to break up bed texture and particle arrangements. Re-entrainment of previously buried tracers may also play a role in constrained-stone data.
Results
Influence of flow magnitude on downstream tracer transport
We found a weak positive power correlation (R 2 =0.25, Pvalue=0.00<0.05) between tracer travel distance and nondimensional stream power (Figure 1 ). In general, R 2 increased when we split our data among the different channel styles and between constrained and unconstrained data (Table II) . For equivalent hydraulic inputs, sediment is thus transported further during unconstrained experiments in SP channels (Figure 2(A) ). In PB channels, sediment displacement is on average one order of magnitude lower than in SP and/or RP channels ( Figure 1 ). In RP channels, data are segregated according to the width/bankfull depth ratio (W/d), with larger tracer transport distances in wider channels (W/d>10; Figure 2 (B)); in narrow channels, distances of transport are one order of magnitude lower and comparable with PB systems. Differences between narrow and wide channels are statistically significant at a 95% confidence level (ANCOVA test, P-value<0.05).
The R 2 increases in the SP sub-data set when we consider separately constrained and unconstrained experiments (Figure 2(A) ). These differences are once again statistically significant (ANCOVA test, P-value<0.05). However, there are no differences between the experimental conditions in the case of RP and PB channels (ANCOVA test, P-value>0.05). In addition, RP data tend to plot over SP data in constrained experiments (Figure 1 ), even though there is an important amount of overlap between both groups of data (particularly at large values of excess stream power). The different behaviour between both experimental conditions in SP and RP data suggest some influence of entrainment on tracer transport in the former that is lacking in RP channels: larger scale of macroroughness elements in SP channels may involve higher friction losses by form effects, and consequently a loss of entrainment efficiency for equivalent excess stream powers.
However, the observed differences between different channel styles and experimental conditions could be biased by differences in flood hydrographs (Comitti, in Hassan and Bradley, 2017) . Shorter duration, flashy hydrographs may involve lower tracer transport than long, sustained floods. Unfortunately, information about flow duration was reported for relatively few of the data compiled. We estimated virtual velocities (tracer travel distance/flow duration) for these cases (Figure 3) . However, the data are very scattered and do not show Step-pool. RP: Riffle and Pool. PB: Plane-bed. In this paper, power law fitting was always done in the same way: logtransforming the response and predictor variables, and doing an ordinary (linear) least squares fit. Dudley, 2007; Gintz et al., 1996; Schmidt and Ergenzinger, 1992; Schneider et al., 2014) ; RP (Bradley and Tucker, 2012; Haschenburger and Church, 1998; Houbrechts et al., 2015; Papangelakis and Hassan, 2016) . Dark lines in Figure 2 (A) represent the best power-law fit found for each data set (constrained and unconstrained SP data), considering all data points in the regression; grey line represent the best power-law fit for unconstrained SP data, excluding two outliers.
statistically significant correlations ( Figure 3 ). Virtual velocities are probably more linked to time-integrated rather than to peak stream power (Haschenburger, 2013; Schneider et al., 2014; Klösch and Habersack, 2018) , and this may partially explain the strong scatter. There is also the problem of how to define the actual duration of competent flow. The information provided consisted normally in calendar time above a competence threshold defined for the entire bed (Gintz et al., 1996; Ferguson and Wathen, 1998; Haschenburger and Church, 1998; Bradley and Tucker, 2012; Vázquez-Tarrío and Menéndez-Duarte, 2014; Dell'Agnese et al., 2015) , rather than using a grain-size based competence threshold as proposed by Milan (2013a) and Klösch and Habersack (2018) . Nevertheless, the trends in Figure 3 are comparable with those seen previously for tracer distances. Differences between constrained and unconstrained conditions are only present in SP data. In addition, unconstrained SP data project over RP plots, suggesting that sediments travel farther and faster during unconstrained experiments in SP channels for equivalent hydraulic inputs. Furthermore, it seems that in RP channels there are no differences between transport episodes that are only dispersing surface sediment (equivalent to unconstrained conditions) and episodes that reorganize bed sediment texture (equivalent to constrained conditions). Conversely, in SP channels, significant, faster and further sediment displacement is possible without bed sediment disorganization, seen by comparing unconstrained and constrained experiments in Figure 2 and constrained and unconstrained experiments in Figure 3 . Based on the weak correlation between virtual velocity and peak stream power shown in Figure 3 , one could also argue that virtual velocity is roughly independent of stream power, particularly in SP constrained data ( Figure 3 ). This may be related to the fact that strongest flows (in terms of peak stream power) last longer: this may partially counter the effects of increasing larger transport distances with increasing peaks of flow. This outlines the need to consider explicitly the influence of flow duration isolated from stream power in our analysis (see below in the text).
Influence of channel morphology on downstream tracer transport.
In Figure 4 , tracer travel distances are divided by the estimated spacing between macroforms. In doing so, we see a stronger correlation between tracer travel distance and stream power (Table II) . This suggests some dependence of tracer movement on channel morphology. However, the most important information provided by this plot concerns differences between SP and RP channels in the way tracers are conveyed downstream. According to Figure 4 , tracer transport does not normally exceed by much one morphological unit (i.e. one rifflepool sequence) in RP channels and it rarely reaches five morphological lengths, whereas in SP systems tracers can be easily exported out from one single step-pool unit. The differences between the channel morphologies are statistically significant (ANCOVA test, P-value<0.05). We also evaluated the data in terms of flow recurrence, using the ratio of the discharge for the transporting episode to the bankfull discharge ( Figure 5 ). Sediment does not travel further than one morphological unit during flows approaching bankfull in RP channels. In SP and PB channels, considerable tracer displacement is possible during flows below bankfull discharge, with clear differences between constrained and unconstrained cases in SP data: thus, gravels are transported downstream in SP systems more readily when the surface texture of the bed is disturbed (i.e. unconstrained vs constrained conditions, Figure 5 ). The weak differences observed between constrained and unconstrained conditions in RP channels seems to contradict a large body of literature showing how tracers slow-down with time (Ferguson and Wathen, 1998; Ferguson et al., 2002; Ferguson and Hoey, 2002; Haschenburger, 2011; Houbrechts et al., 2011; Bradley and Tucker, 2012; Klösch and Habersack, 2018) . For this reason, we decided to analyse with more detail the compiled data. We classified RP data according to 'tracer age': the number of years passing since tracers were seeded ( Figure 6 ). We observed that 'older' tracer data (>5 years) tend to plot in the lower envelope of the point cloud in Figure 6 , whereas 'younger' tracer data (<2 years plus unconstrained data) tend to plot in the upper envelope. Indeed, unconstrained data tend to overlap with tracers 'younger' than 3 years, but not with 'older' tracers. This observation may suggest that unconstrained and young constrained tracers have a comparable behaviour, while different behaviour appears between unconstrained and 'old' constrained data. All this indicates that the energy needed to displace tracers increase with 'tracer age' and is in good agreement with previous findings suggesting that tracer dispersion slows down with time (Ferguson and Wathen, 1998; Ferguson et al., 2002; Ferguson and Hoey, 2002) . This slowdown may be a consequence of particle trapping and burial (Hassan and Church, 1994; Haschenburger, 2011; Hassan and Bradley, 2017) , and according to our results it seems to need some time before tracers become thoroughly mixed into the bed (>3-4 years).
Influence of tracer size on downstream tracer transport
It has been near universally observed in tracer studies that smaller particles show larger displacements than larger particles Ferguson and Wathen, 1998; Schneider et al., 2014) . After Church and Hassan (1992) and it is well stated that grain size plays a role in downstream transport distance of particles coarser than the median grain size of the bed surface, with tracer travel distances decreasing strongly with particle size at these coarser terms of the grain size distribution.
In Figure 7 we have plotted mean tracer travel distance, scaled by the mean distance of travel of the median size class of surface sediment (L*), against the ratio between tracer size and the median size of the subsurface grain size distribution (D*). For this plot, we have used the large data set employed by Hassan and Bradley (2017) (after Church and Hassan, 1992) , and we have incorporated new data compiled for the present research (Dudley, 2007; Liébault et al., 2012; Milan, 2013b; Schneider et al., 2014; Mao et al., 2016; Papangelakis and Hassan, 2016) . The new data add some scatter to the original data set of Hassan and Bradley (2017) , but the plot continues to follow the general relation between tracer travel distance and tracer size proposed by Church and Hassan (1992) and . The best regression fit that we have found for the data shown in Figure 7 is:
This regression equation follows a similar convex-up shape and only deviates to a small extent from Church and Hassan's (1992) curve: it plots slightly above for the coarser grain sizes, and slightly below for the finer ones. Furthermore, our curve is very close to that from Milan (2013a) for those grain sizes below the median size of the bed material. Both our curve and the fit found by Milan (2013a) fall in general between the 95%-confidence bonds of Church and Hassan (1992) and they show a similar size-selective behaviour: travel distance drops off rapidly for tracer grain sizes progressively coarser than the D 50 of the bed material. In addition, the data from the different channel settings overlap strongly: this size-selective behaviour seems to be independent from the channel morphological style.
If tracer travel distances depend on tracer size relative to bed sediment, then some of the differences among PB, SP and RP data shown in the previous section could be biased by differences in tracer sizes. In order to address this issue, we looked at the relative size of tracers in relation to bed surface for the different groups of data ( Figure 8 ) and we observed three things: (i) in general, many tracer studies use the surface D 50 size-class as a reference for choosing the median size for the tracer population; (ii) in some RP and PB data, median tracer size is below surface D 50, which may contribute to larger displacements for the RP and PB data rather than the opposite trend observed in Figure 4 ; and (iii) tracer size relative to bed surface for constrained and unconstrained studies are comparable in the SP data set, so differences in tracer distances between the two conditions are not explained by differences in tracer size. These three observations lead to the same conclusions as the results shown in Figures 4 and 5 and confirm that tracer size was not a bias: gravels tend to travel across more morphological units in SP than in RP channels for similar hydraulic inputs, and this tendency is not dependent on the particle size.
Influence of flow duration and antecedent flow on tracer transport
While it seems obvious that a higher duration of competent flow would result in larger cumulated travel distances, differences may exist between channel style and/or experimental conditions. In order to deal with this issue, prior to analysing the effects of flow duration, we isolated the actual influence of duration of competent flow from the confounding effects of flow magnitude. We did this by estimating the ratio between stream power and tracer travel distance. This ratio is a proxy of the amount of energy expenditure needed to displace tracers one meter. Figure 9 shows this ratio plotted versus flow duration. The results suggest that the amount of energy required to displace tracers decreases with flow duration: increases in flow duration increment the time available to displace tracers a certain distance, and thus reduces the need for higher flow peaks. However, differences exist based on experimental conditions: for equivalent flow durations, tracer transport requires less energy expenditure under unconstrained conditions in SP channels. In addition, the slope of the plot is steeper suggesting a larger increase in tracer displacements with flow duration in unconstrained conditions.
In order to assess the influence of antecedent sub-threshold flow on tracer transport, we analysed all available data on how much time had passed between tracer seeding and the subsequent competent flow and/or between the considered and the preceding transport episode. As in the case of flow duration, we isolated the actual influence of antecedent time from the confounding effects of flow magnitude by plotting the ratio between stream power and tracer travel distances (times the duration of competent flow) against antecedent time. The plot (Figure 10) shows how the length of antecedent time increases the amount of energy expenditure. This result suggests that interflood sub-threshold flows may play a role in enhancing particle arrangements and clast stability. This may include agitation and pivoting which contribute to stabilize clasts and moving free particles to protected positions in the channel.
Tracer mobility
Despite the huge amount of scatter, the percentage of mobile tracers has a weak tendency to increase with stream power (at least for SP and PB data) (Figure 11(A) ). PB-and constrained SP-data tend to plot in the right side of Figure 11 (A), suggesting that bed disorganization requires larger hydraulic inputs in these channels. Lower stream powers are needed in the SPunconstrained case to achieve similar percentages of tracer mobility as those observed in equivalent constrained experiments. RP data show a very large scatter and no clear link between stream power and percentages of mobile tracers.
The strong scatter of Figure 11 (A) suggests that tracer mobility may be dependent on other hydrological constraints, for example flow duration. In Figure 11 (B), the ratio between nondimensional stream power and percentage of mobile tracersa proxy of the amount of energy needed to displace a certain number of tracers -is plotted versus flow duration. This avoids the problem of comparing the influence of flow duration with data submitted to different flow conditions. Figure 11 (B) shows that: (i) this ratio is higher for constrained compared with unconstrained conditions; and (ii) the ratio decreases more strongly with flow duration under unconstrained conditions in SP channels compared with constrained conditions (exponent of the power regression equation is double in constrained that in unconstrained SP data: -0.22 vs -0.11). In other words, Figure 10 . Ratio of dimensionless peak specific stream power (times flow duration) to scaled travel distance plotted against the time elapsed between tracer seeding and tracer movement or subsequent transport episodes. There are no unconstrained data for SP channels and constrained data for RP channels in this plot because there were no available data of antecedent time for these groups of experiments.
[Colour figure can be viewed at wileyonlinelibrary.com] 119 PARTICLE TRANSPORT IN GRAVEL-BED RIVERS when tracers are unconstrained, flow duration contributes to a certain amount of increase in percentages of mobile tracers because more time is available to displace the tracer population. Conversely, in constrained cases, the effect of an increase in flood duration is buffered by the need for some of this energy to be expended on disorganizing bed structures before tracers can be dispersed. Figure 12 plots the percentages of mobile tracers versus the ratio of the discharge of the transport event to bankfull discharge. In RP channels there is a clear trend between flow magnitude and tracer mobility. In SP data there are differences between constrained and unconstrained conditions: 80-100% tracer mobility can be achieved by flow discharges lower than bankfull in SP unconstrained cases; for constrained conditions, 80-100% tracer mobility occurs at flow discharges around 2 times bankfull discharge while flows close to bankfull are characterized by less than 50% tracers in motion, and this is similar for SP and RP data. The results highlight the role of bed texture in constrained conditions and underscore two main points: (i) the degree of tracer perturbation in SP during floods depends not only on flow magnitude, but also on the degree of tracer stabilization by particle arrangements and bed texture; and (ii) the dominance of partial mobility over full mobility conditions in the available database of tracer experiments.
Discussion
Influence of flow magnitude: potential sources of scatter in the data Flow discharge is a major control on gravel transport. Stream power explained more than half of the variance in our data when adequately grouped according to a geomorphological criterion and experimental conditions (Table II) . Comparable correlations between tracer travel distance and flow discharge have been found previously by, among others, , Schneider et al. (2014) and Houbrechts et al. (2015) .
Concerning tracer mobility, we found a positive increase in the percentage of mobile tracers with flow magnitude; a comparable result was found by Phillips and Jerolmack (2014) or Papangelakis and Hassan (2016) . Based on our analysis, high percentages of mobile tracers (exceeding 70%) in constrained experiments are only achieved during flows 1.5-2 times the bankfull (Figure 12 ), suggesting that partial mobility conditions dominate during more frequent floods, and that stable areas in the bed surface will persist from year to year. Similar results were found by Haschenburger and Wilcock (2003) in Carnation Creek: they found that only 20-50% of the bed surface was active for floods with a 2-year recurrence interval and that full mobility only occurred for floods with a 7-year recurrence interval.
The correlation between peak stream power and tracer transport found here, as well as in previous works Schneider et al., 2014) , while statistically significant, shows strong scatter. This indicates that a large amount of variance in the data cannot be explained by flow discharge alone, prompting us to explore other potential controls. One such control was methodological uncertainties. For example, we used peak discharge in order to estimate stream power. However, stronger correlations may be found using stream power or discharge integrated over time (Haschenburger, 2013; Phillips et al., 2013; Schneider et al., 2014) . Unfortunately, the compiled papers rarely provide this information and using peak discharge was the only possibility for performing a homogenous analysis of all the compiled data. Furthermore, little information was provided in the original studies concerning the manner in which tracer distances were measured. Over the past decade, the use of highly accurate geolocalization devices (dGPS, Total Station...etc.) have become standard practice among geomorphologists and in tracer studies (Liébault et al., 2012) . However, in older tracer studies (Haschenburger, 1996; Haschenburger and Church, 1998) , tracer travel distances were recorded using a tape measure running the length of the study reach. Another problem may be related to crosssectional sediment dispersion. In this study, the focus was on transport of fluvial gravels in the downstream direction. However, a lateral or cross-sectional component for gravel displacement may exist (Dietrich and Smith, 1984; Seizilles et al., 2014) . As a result, sediment displacements may be underestimated in some cases, particularly in morphological settings where there are no topographical constraints to bedload conveyance (e.g. plane-bed channels). Hardly any information about this cross-sectional particle shift could be found in the published studies. Yet another potential methodological constraint not considered here was the influence of the location of tracer seeding. In RP channels, Sear (1996) reported that travel distances were larger for tracers seeded on pool heads and tails compared with those seeded on riffles. Milan et al. (2002) and Milan (2013b) observed how tracers tend to follow streamlines and that those tracers seeded on riffles do not appear to be routed into pools. Likewise, Liébault et al.
(2012) observed higher tracer mobility for tracers deployed in the low-flow channel than on gravel bars. We can therefore expect important differences in tracer dispersion depending on where the tracers were deployed, introducing an important source of scatter in data. Once again, this information is not typically provided in the original studies and is therefore difficult to assess. Potential sources of variance in the data related to hydrological and geomorphological controls will be explored in the following sections.
Influence of channel morphology on gravel transport: general comments
It has long been recognized that channel morphology influences particle dispersion in gravel-bed rivers (Takayama, 1965; Laronne and Carson, 1976; Hassan et al., 1991; Sear, 1996; Beechie, 2001; Pyrce and Ashmore, 2003a , 2003b Lamarre and Roy, 2008b; Milan, 2013b; Hassan and Bradley, 2017) . In RP channels, pools and bars are a major control on gravel path lengths as suggested by Ashmore (2003a, 2003b) who have shown that the mode of the path length distribution coincides with known pool-bar spacing. Bar spacing may also influence particle travel distances in braided rivers (Habersack, 2001; Hundey and Ashmore, 2009; Kasprak et al., 2015) . SP channels do not have bars, but it is to be expected that the movement of individual particles may be controlled by the large morphological features such as the steps and the pools (Lamarre and Roy, 2008b) . Our results lead in the same direction: strength of correlation linking travel distance to stream power increases when tracer travel distances are normalized by the morphological length of channel. Channel morphology does not only influence particle pathways, but the latter also contributes to the maintenance of bedforms (Sear, 1996; Milan et al., 2002; Lamarre and Roy, 2008a; Milan, 2013b) . Our results highlight some differences between SP and RP channels in the way moving gravels interact with macroforms. During more frequent floods, gravels in RP channels only tend to travel from one morphological unit to the next, while in SP streams tracers are conveyed more easily across several channel units. In addition, sediment travel distances in PB and narrow RP channels are considerably lower when compared with both wide RP and PB channels (Figure 2(B) ). The observed differences among morphological styles described here may relate to cross-stream differences in channel topography (and bed shear stresses) and as such disparities in lateral dispersion and sediment trapping between the different settings.
Gravel transport in plane-bed channels
Plane-bed morphologies in gravel-bed channels are featured by smooth beds and relatively simple trapezoidal cross-sections.
Friction losses due to form effects are then less important in PB channels compared with RP and SP, where hydraulics is complicated by a more heterogeneous cross-sectional morphology (Francalanci et al., 2012) . In this sense, PB streams have been considered similar to the flume . In Figure 4 we showed that tracer travel distances for PB tend to plot in the lower envelope of the compiled data.
Bed structuration and particle arrangements may play a role in the lower tracer transport reported here for PB channels. In flat gravel-bed surfaces there have been described a set of surface structures as clusters, 'stone cells', stone lines or transverse ribs that are frequent in natural gravel-, plane-bed rivers (Church and Zimmermann, 2007; Venditti et al., 2017) . These structures may be a major stabilitypromoting mechanism in plane-bed channels , increasing the needs for energy in order to displace tracers. Indeed, unconstrained PB data tend to plot over constrained PB data (Figure 4) highlighting the role of surface structuration on gravel transport in PB channels.
In addition, in PB channels there are no remarkable topographical constraints imposing a preferential gravel pathway. As such, sediments may be diffused not only downstream but they may also be diverted laterally (Seizilles et al., 2014) , decreasing the relative importance of the downstream component of tracer transport. Field observations by Papangelakis and Hassan (2016) in East Creek (Canada) suggested the same; after comparing tracer mobility maps for a RP-and a PB-reach ('rapid' morphology, in the sense of Zimmermann and Church, 2001) , they observed how the mobility of tracers is more evenly spread across the bed in the PB reach, lacking preferential paths for tracer mobility.
Gravel transport in step-pool channels
Step-pool channels are defined by channel-spanning ribs (steps) composed by an accumulation of jammed cobbles and boulders that are transverse or oblique to the channel (Zimmermann and Church, 2001; Chin and Wohl, 2005) , alternating with pools containing finer bed material (Church and Zimmermann, 2007; Lamarre and Roy, 2008b) . The SP morphology plays an important role in channel hydraulics, controlling hydraulic resistance (Wohl and Grodek, 1994; Abrahams et al., 1995) , energy dissipation (Hayward, 1980; Whittaker and Jaeggi, 1982) and defining a highly turbulent tumbling hydraulic regime (Peterson and Mohanty, 1960; Whittaker, 1987) . Boulders are responsible for an important form of resistance as they give rise to leeside eddies (Wohl and Thompson, 2000; Church and Zimmermann, 2007) , and at high flows energy is also dissipated by recirculating cells in the pools (Church and Zimmermann, 2007) . These particular morphological and hydraulic features of step-pool channels should play a significant role in the distance of displacement of the bed material (Dudley, 2007; Lamarre and Roy, 2008b) . Boulders and steps along the longitudinal profile of SP systems may act as a barrier to mobile particles (Sawada et al., 1983) . They may entrap particles and delay entrainment, and therefore influence travel distances. Pools may also act as sedimentation areas in SP channels (Schmidt and Ergenzinger, 1992) . The average step-pool length may thus control the average travel distance of tagged clasts, as reported by Lamarre and Roy (2008b) in Spruce Creek. However, secondary modes in travel distance distributions of tracers have been documented in most SP channels, indicating that particles traverse several step-pool units during a flow event (Hassan and Bradley, 2017) . Indeed, our analysis also confirms that tracers are able to traverse several step-pool pairs during high flows (Figure 4) . Consequently, 121 PARTICLE TRANSPORT IN GRAVEL-BED RIVERS steps are not totally 'impermeable' barriers. Topographic lows and highs could be identified in the cross-section of steps (Church and Zimmermann, 2007; Dudley, 2007) , and the topographic lows may act as 'escaping' pathways for tracers during floods as observed by Dudley (2007) . Furthermore, a combination of high turbulence and gravity may deflect gravel towards topographic lows during floods, allowing tracers to travel downstream further than a single step-pool unit (Dudley, 2007) .
Travelling gravel interacting with the step-pool morphology may contribute to the bedform stability. The hydraulic (Whittaker and Jaeggi, 1982; Comiti et al., 2005) or geomorphic (Church and Zimmermann, 2007; Curran, 2007) character of the processes leading to step formation and maintenance are still debated, but it is agreed that large boulders may act as anchor points to initiate step formation (Chin and Wohl, 2005; Church and Zimmermann, 2007; Lamarre and Roy, 2008a) . According to Church and Zimmermann (2007) , grains form interlocked chains across SP channels and thus interact to increase their threshold of motion ('jammed' state hypothesis). Lamarre and Roy (2008a) showed how the development and maintenance of sediment structures in a SP channel were mostly related to the entrapment and settlement of particles around keystones. This may explain while for frequent floods ( Figure 5 ), tracer travel distances are around one to only a few step-pool units. Tagged particles may deposit mostly around keystones, becoming imbricated into sediment structures, increasing threshold stresses and remaining stored for several transport events (Lamarre and Roy, 2008a) . However, large floods can cause the break up and rearranging of the SP structure (Church and Zimmermann, 2007; Zimmermann et al., 2010) . Field researchers have documented high bedload rates after large floods in SP channels (Gintz et al., 1996; Lenzi et al., 1999; Lenzi et al., 2004; Turowski et al., 2009) and this has been attributed to the decrease of form roughness of the channel bed and the fact that larger grains become more mobile after SP destabilization. This may explain our observation suggesting that tracers can travel farther than a few SP pairs during larger floods (Figures 4 and 5) .
Moreover, mean tracer travel distances are considerably lower in constrained compared with unconstrained experiments in SP channels. Hence, SP channels appear to be steep enough to maintain significant transport of 'free' sediment, while lacking sufficient energy to disturb the coarser armoured bed sediment. This could have implications from the point of view of bedload supply: SP channels have sufficient capacities to transport allogenic sources of relatively fine sediment through the channel while the streambed remains stable (Piton and Recking, 2017) . Field researchers have already shown that sediment transport rates in SP are dependent on sediment supply (Gintz et al., 1996; Lenzi et al., 1999; Lenzi et al., 2004; Recking et al., 2012; Kammerlander et al., 2017) . Indeed, the prediction of bedload transport in SP streams has been revealed to be very difficult due to its dependence on the availability of mobile sediment and related to the fact that many sediment transport equations do not account for the stress borne by immobile grains (Yager et al., 2012a; Yager et al., 2012b) . In this sense, working in steep SP systems, previous authors have made a distinction between travelling bedload and structured bedload (Yu et al., 2009 ). The structured bedload may define the scale of roughness elements in SP channels and influence flow resistance, while the travelling bedload may relate to the supply-limited and more mobile sediment introduced sporadically into the channel. Very recently, Piton et al. (2016) and Piton and Recking (2017) built on this concept of travelling bedload, which they explicitly state as an extension of the washing load concept to bedload transport. According to these authors, in steep SP systems, relatively fine sediment supplied by external sources may be efficiently transported during floods, with marginal morphological activity and without the breaking up of coarse armoured surfaces (Egashira and Ashida, 1991; Piton and Recking, 2017) . The different behaviour of constrained and unconstrained tracer experiments in SP data reported in this study leads to the same conclusion.
Gravel transport in riffle and pool channels Riffle-pool channels feature alternating areas of shallow (riffle) and deeper waters (pool) in a more or less regular pattern. Unlike SP and PB channels, bars are present in RP channels (Dietrich, 1987) , and early studies already outlined the influence of bar morphology on gravel dispersion (Mosley, 1976; Kondolf and Mathews, 1986) . Later, Pyrce and Ashmore (2003a) reanalysed data from a wide range of river environments and found that distributions of travel distances in gravel-bed streams include modes corresponding to bars. Flume experiments by Ashmore (2003b, 2005) also showed the role that bars have in tracer travel distances. Somehow, RP channels have a more developed cross-sectional morphology than PB and SP channels. This cross-sectional morphology results from the feedbacks that exist between the very specific patterns of flow conveyance and sediment routing in RP morphologies (Dietrich and Smith, 1983; Smith and McLean, 1984; Dietrich and Whiting, 1989) , and the topography-driven sorting processes induced by bars (Dietrich and Smith, 1983, Dietrich and Paola, 1989; Nelson et al., 2010) . This results in high heterogeneity in elevation, roughness and surface grain size (Petit, 1987; Carling, 1991; Lisle et al., 1991; Robert, 1997; Wilkinson et al., 2008; Venditti et al., 2012) that may involve great variability in shear stress distribution in RP channels (Whiting and Dietrich, 1991) and spatial contrasts in entrainment conditions between pools and riffles (Clifford, 1993; Sear, 1996) . In a recent reanalysis of bedload measures in different bed morphologies, Recking et al. (2016) observed that larger corrections are needed in RP channels compared with SP and PB channels to compensate the bias introduced by averaging shear stresses when computing bedload transport (Francalanci et al., 2012) .
All the variability in roughness, shear stresses and reachscale topography in RP morphologies influences bedload by concentrating the flow and the sediment in preferential paths. Coarser sediments are preferentially transported onto bar heads due to inertia effects. This zone grows and leads to secondary flows diverting the flow and finer sediments to the opposite side (see Figure 15 in Recking et al., 2016) , an effect that is also increased by differences in roughness (Lisle et al., 1991; Nelson et al., 2010; Recking et al., 2016) . Hence, variability in bed mobility across the RP sequence (Clifford, 1993; Sear, 1996; Hodge et al., 2013) is responsible for intrinsic differences in sediment transport between riffle and pool, and shear stress gradients across and along RP channels determine scour in pools and deposition in riffles (Wilkinson et al., 2004) . Early painted stone experiments by Ashworth (1987) in Allt Dubhaig showed that tracers seeded in riffles had lower entrainment probability and lower mean travel distance than those seeded in pools. Conversely, Haschenburger and Church (1998) did not observe differences in tracer deposition according to tracer source. Haschenburger and Church (1998) also observed significant tracer deposition in pool areas. However, detailed observations made later by Milan et al. (2002) and Milan (2013b) showed how gravels tend to be routed out from pools and how the dominant depositional zones of tracer clasts in RP channels are the bars followed by the riffles (Milan, 2013b (2013b) explained tracers occasionally found on pools as particles having been routed across bar surfaces and then rolled down the avalanche face into the pool (as in Dietrich and Smith, 1984) . Size selective deposition and particle paths have been described for RP channels. Sear (1996) observed how coarse gravels are normally stored in riffles and pool-heads while fine gravels are mainly stocked in mid-pool and pool-tails. He also reported that fine sediment travels across a riffle-pool-riffle sequence and concentrates in the downstream riffle. In addition, Milan et al. (2002) and Milan (2013b) observed grain size differences with flow magnitude. At low flows, fine sediment is routed onto riffles and pool-heads. Transport of gravel starts at moderate flows, being routed downstream from bar heads through bar-edges. At high flows, both fine and coarse sediment are transported onto the bar surface, depositing there in the falling limb of flow hydrograph. In those RP streams with high supply of fines, fine sediment deposited on riffles during high flows may be selectively winnowed onto the pools during the falling limbs of flow hydrographs (Lisle and Hilton, 1992) .
In summary, the flow trajectories resulting from the RP crosssectional variability influence the patterns of particle displacement and gravel routing in RP sequences. Gravel paths tend to follow streamlines contributing to maintain the RP morphology (Milan, 2013b ). An important number of particles may be conveyed towards bar-heads and bar-tops during floods in RP channels (Milan, 2013b) , i.e. stable positions reducing their potential for downstream transport. Bars seem to be a preferential storage site in RP channels, followed by riffles (Milan et al., 2002; Milan, 2013b) . Furthermore, Wathen (1995) and Bradley and Tucker (2012) reported that in RP channels a large number of tracers remained trapped in bars, even after several competent flow events. The result is a high efficiency of RP morphology for trapping sediment compared with SP or PB channels, as Figure 4 showed: (i) for similar hydraulic inputs, tracers travel across more morphological units in SP than in RP, on average; and (ii) mean travel distances, normalized by the morphological length of channel, scaled with stream power in RP channels with a gentler slope than they do in SP and PB channels (Figure 4) . Bar morphology in RP channels is a very persistent feature, and it may continue to influence bedload paths and trapping gravels even during high flows (Milan, 2013b) . This may explain the gentle scaling of travel distance with stream power in RP channels compared with SP, where step-pool destabilization during large floods may allow larger tracer dispersal.
Gravel transport in multithread channels.
Even though we have reached a good scientific understanding of the mechanisms driving braiding morphodynamics (Ashmore, 1991 (Ashmore, , 2013 , there is still a real gap in the availability of actual field data linking particle travel lengths and channel morphology in braided streams (Church, 2006; Kasprak et al., 2015) . There are no many systematic observations of tracer displacement coming from multithread and/or braided rivers (Kasprak et al., 2015) . Among the wide data set compiled for this work, only the upper reaches of the Alt-Dubhaig (Ashworth, 1987; Ferguson and Wathen, 1998) , the Durance (Chapuis, 2012) and Bouinenc rivers (Liébault et al., 2012) correspond to wandering/braided rivers. And unfortunately, the recovery ratios for two of these sites (upper reaches of the AltDubhaig River and the Durance River) are not high (<75%). Due to this relative scarcity of systematic tracer studies in multithread or braided environments, understanding the grain-scale bedload transport processes and their relationship to channel morphology in the field remains insufficient in braiding settings (Bertoldi et al., 2014; Kasprak et al., 2015; Recking et al., 2016) .
Early field and flume studies by Ashworth et al. (1992a Ashworth et al. ( , 1992b and Ashworth (1996) on bar formation in braided rivers showed how flow divergences at emergent bar heads lead to the concentration of relatively coarse material and the routing of fine sediments into distributary channels. More recently, Hundey and Ashmore (2009) has hypothesized that bar spacing quantified by the distance between confluence/diffluence couplets may provide a first-order approach to gravel travel distances in braided channels. Habersack (2001) used particle radio tracking in the Waimakiri braided river (New Zealand) and provided early evidence for this, documenting the preferential deposition of tracked particles on an aggrading bar. More recently, Kasprak et al. (2015) used high-resolution elevation models derived from SfM photogrammetry in the flume in order to study the downstream transport of tagged particles in braided channels. They reported average sediment path lengths corresponding roughly with the average bar spacing. This study confirmed the influence of bars in acting as preferential depositional sites for tagged particles in braided rivers, with almost all retrieved tracers found in association with compound, lateral, diagonal and point bars. They documented that about 70% of tracers were found in bar-heads and margins, a smaller amount in bar-tops and only 3% in bar-tails. These observations agreed well with Ashworth's model of bar formation in braided rivers (Ashworth et al., 1992b; Ashworth, 1996) that involves coarse sediment deposition around bar-heads and conveyance of more mobile sediment mainly through bar margins and distributary channels. Liébault et al. (2012) also found that bars were major storing zones in the wandering/braided Bouinanc River. These patterns of particle paths may promote a positive feedback reinforcing the location and persistence of gravel bars (Ashworth, 1996; Hundey and Ashmore, 2009; Kasprak et al., 2015) . Kasprak et al. (2015) did not find any influence of seed location in the downstream deposition sites of tracers. However, Liébault et al. (2012) documented a clear influence of tracer source in particle travel distances in the wandering/braided Bouinenc River: they observed a 15-30-fold increase of dispersion for tracers initially seeded in the low-flow channel compared with those initially located in gravel bars. Based on their observations, they suggested that tracers initially seeded in the thalweg were not trapped by gravel bars and travelled far along the main channel. Methodological biases could explain differences between the flume results of Kasprak et al. (2015) and the field observations of Liébault et al. (2012) : buried tracers were not recovered in the flume study of Kasprak et al. (2015) . In this sense, Liébault et al. (2012) have shown that tracer travel distances of buried tracers are significantly larger -that is, the probability of tracer to be buried increases with its travel distance. According to this, frontrunners may not be adequately grasped in Kasprak's study. In addition, tracer recovery ratios were in general lower in Kasprak et al. (2015) than in Liébault et al. (2012) .
Influences of grain size
Results from tracer studies helped establish that the mean travel distance of fluvial gravels during competent floods is weakly correlated with the increasing particle size Ferguson and Wathen, 1998; Schneider et al., 2014) . Church and Hassan (1992) and related the mean travel distance of fluvial gravels to the particle size relative to the 123 PARTICLE TRANSPORT IN GRAVEL-BED RIVERS median size of the bed material: particle size plays an important role in the downstream transport distance of tracers only at the coarser members of the bed grain size distribution (>2D 50 ), whereas for intermediate grain sizes transport distances are mostly independent of clast diameter. Wilcock (1997) confirmed this relation in a flume, and several authors found similar trends with field data (Haschenburger, 1996; Ferguson and Wathen, 1998; Ferguson et al., 2002; Vázquez-Tarrío and Menéndez-Duarte, 2014) . Based on our data set compilation, in Figure 7 we have added new points to the plot originally presented by Church and Hassan (1992) , and Hassan and Bradley (2017) : the new data introduce some amount of scatter, but in general the relation continues to hold. In addition, the relation seems to be pretty independent of the morphological style of channel.
In summary, particle size relative to bed sediment influences gravel transport distances that decrease with increasing clast size. According to Phillips and Jerolmack (2014) this decrease in travel distances with grain size is mostly controlled by competent flow duration. They observed how modal displacement lengths for particles of all sizes in a gravel-bed river were very similar at the individual flood scale. Conversely, Phillips and Jerolmack (2014) observed that cumulative travel distances showed a stronger inverse relation to grain size when measured over many transport events. Then, the relatively larger displacements for smaller particles shown in Figure 7 may result from a greater frequency of entrainment events during a flood for smaller particles compared with the coarser ones (Phillips and Jerolmack, 2014) .
Influences of the duration of competent flow and bed state
Our results show some increase in the degree of tracer mobility with a rise in the duration of competent flow: both tracer travel distance and percentage of mobile tracers tended to increase with flow duration (Figures 9 and 11(B) ). Differences in behaviour exist here again, particularly between unconstrained and constrained conditions in SP channels. In unconstrained conditions, tracers are free to move, so their mobility increased more quickly with the increment in available time. Conversely, in constrained tests, it is the breakup of stable positions of tracers in bed structures and particle arrangement that predominantly determine tracer mobility, a process that is less dependent on flow duration.
A comparison of constrained and unconstrained data brings to light the influence of another control on particle travel distances that is not linked with either flow magnitude or channel morphology: the relationship between bed state and particle entrainment. A more stable coarse bed will act to reduce sediment mobility (constrained case) and increase energy expenditure required to move surface particles, an idea supported by results from Brayshaw et al. (1983) , and Hassan and Bradley (2017) . Hassan and Bradley (2017) compared tracer data for gravel-bed streams with tracer data of gravel movement over a sand bed and they found travel distances in the second case to be typically one order of magnitude larger. In the same vein, Klingeman and Emmett (1982) reported that critical shear stresses for incipient motion were greater in the rising limb of a flood due to enhanced bed stability linked to initial armour. Similarly, Turowski et al. (2011) observed in four alpine streams that the discharge at the end of transport in the most recent event is correlated with the threshold discharge for the next event, which they interpret to reflect temporal changes in bed structure. In addition, Powell and Ashworth (1995) observed how zones of contrasting bed structure may determine important differences on the entrainment thresholds.
Influence of antecedent time and previous bed history
The inter-flood period has been historically ignored by fluvial geomorphologists as it is typically considered that the stability of the streambed could only be altered by above-threshold flows (Ockelford and Haynes, 2013) . However, several studies have investigated the history of recent flows in the development of bed texture and the potential for influencing sediment dispersion. Oldmeadow and Church (2006) reported on a field experiment aimed at studying the development of bed structure in a small headwater stream. In East Creek (British Columbia, Canada) they destroyed bed structures in one reach of the channel while leaving them intact in an adjacent one. Sediment yield from the disturbed reach was initially higher than from the undisturbed one. However, after several events, the mobility of larger clasts was substantially reduced, and they recorded direct evidence of structure development in the disturbed reach indicated by the movement and emplacement of marked grains. A similar experiment was carried out later by Lamarre and Roy using PIT-tags (Lamarre and Roy, 2008a) . In addition, some of the papers compiled as part of this study report beautiful examples of how preceding flood history influenced tracer dispersion. One such case was reported by Gintz et al. (1996) for a study using magnetic tracers in the Lainbach river, a step-pool system in Germany. The morphological impacts of a large event resulted in a 10-fold increase in tracer travel distances in the subsequent extreme flood. In the Rio Cordon, Lenzi (2004) described a step-pool channel that was strongly modified after a large flood in 1994. Afterwards, sediment transport declined over several years as the channel re-established a relatively stable bed (Church and Zimmermann, 2007) . Earlier studies also suggested that subthreshold flows preceding threshold flows may influence gravel mobility. Laronne and Carson (1976) described the influence of bed sediment structures and arrangements on tracer dispersion. Reid and Frostick (1984) and Reid et al. (1985) found that threshold stresses were three times higher after a greater period of time before a flood in Turkey Brook (England), and they suggested that this could be related to the effects of bed restructuration and particle interlocking during the interflood period. More recently, flume experiments have shown that not only threshold floods, but also prolonged interflood periods of sub-threshold flow promote bed stabilization (Monteith and Pender, 2005; Paphitis and Collins, 2005; Haynes and Pender, 2007) . Ockelford and Haynes (2013) proposed two potential mechanisms for this: (i) vertical settlement of fine particles into low relief pore spaces of the river bed Reid et al., 1985; Marion and Weirich, 2003; Haynes and Pender, 2007) ; and (ii) local re-orientation and restructuring of surface particles Haynes and Pender, 2007; Mao, 2012) . Very recently, Mao et al. (2017) reported that antecedent flow enhanced particle entrainment of tagged stones in the Saldur River (plane-bed to step-pool morphology).
Tracers constitute an excellent method to evaluate the effects of previous bed history on gravel mobility, but information about the time elapsed between tracer seeding and subsequent competent flows is not typically provided in papers. When available, it is difficult to isolate the role of antecedent time from other variables that exert an important control on tracer 124 D. VÁZQUEZ-TARRÍO ET AL.
dispersion, such as duration or excess stream power. The available data set is not large enough to allow selection of data with similar flow duration/competence but differing elapsed times. Furthermore, the number of days passing between tracer seeding and displacement is not a perfect proxy of a river bed's 'stress history'. It would be more interesting to have access to the actual number of days for which flow exceeded some sub-threshold discharge, or the actual value of specific stream power during the time period preceding tracer movement. However, this information is rarely available. Nevertheless, in constrained experiments it seems that tracer mobility decreases with increase in antecedent time (Figure 10 ). This suggests that sub-threshold flows might enhance particle packing and imbrication. We believe that more research should be carried out in the near future aiming at exploring this question and benefitting from the advantages offered by particle-tracking methods.
Practical implications
The results of this paper may potentially have interesting implications for future research based on tracer data. When reporting the results of tracer experiments, researchers are encouraged to take more care to report on information that has been typically neglected, e.g. cumulative flow, duration of competent flow, description of bed structures, elapsed time between tracer seeding and subsequent surveys. Improvements have been made during recent years, and much more information can be found in recent papers compared with older ones (see Table I ), but we should remain vigilant. We strongly believe that tracers have great potential to bolster our understanding of sediment transport providing that complete and homogeneous information is made available from the studies. In addition, our review of previously published tracer experiences highlights that a large amount of research has been accomplished in single-thread channels, but we are still lacking data collected from multithread or braided channels. Braided rivers are featured by a very dynamic channel planform and a frequent downstream mobilization of bedload through a complex network of anabranches diverging and converging around gravel bars. This combination of factors makes braided rivers an ideal site to explore in the field on the relations between particles paths and channel morphology. However, few tracer studies have been performed in the field on multithread rivers (Chapuis, 2012; Liébault et al., 2012) , probably owing to the effort and time needed for surveying after floods in such large rivers. However, new solutions for tracking gravels based on active RFID technology that seem very promising for large rivers are being developed (Cassel et al., 2017) . More data from braided settings may be expected in the near future.
Finally, the results of this study may have implications for the design of tracer experiments and subsequent data analysis. With regard to constrained vs unconstrained conditions, special care should be taken when comparing results from different experiments. As we have shown here, constrained and unconstrained experiments are not necessarily equivalent. If the goal is to study particle entrainment and bed state evolution, the focus should be on results under constrained conditions. However, if the goal is to study trajectories of coarse sediment within a given setting (for example tributary junctions or step to pool), then results from unconstrained cases should be used.
Conclusions
In this paper, we compiled and analysed published data on sediment transport in gravel-bed rivers obtained in studies based on passive tracers. Our results highlight three major controls on downstream sediment transport in gravel-bed rivers: (i) hydrological/hydraulic controls linked to discharge magnitude, the duration of competent flows, and antecedent sub-threshold flows; (ii) morphological controls associated with the average spacing between sediment storing areas; and (iii) controls exerted by bed structures and particle arrangements on threshold stresses.
As expected, we found significant correlation between flow magnitude (quantified using the stream power concept) and tracer travel distance, but with a non-negligible amount of scatter. We attribute differences in the length-scale of particle travel distances based on channel style to morphological controls and sediment 'trapping'. Concerning the positive impact of flow duration on the percentage of mobilized tracers, we attribute this to an increase in the duration of bed perturbation. Finally, although the data in this study are insufficient to draw decisive conclusions, they suggest that antecedent sub-threshold flows influence bed state thereby conditioning particle dispersion.
